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Abstract: Shaft fracture at an early stage of operation is a common problem for a certain type of 
wind turbine. To determine the cause of shaft failure a series of experimental tests were conducted 
to evaluate the chemical composition and mechanical properties. A detail analysis involving 
macroscopic feature and microstructure analysis of the material of the shaft was also performed to 
have an in depth knowledge of the cause of fracture. The experimental tests and analysis results 
show that there are no significant differences in the material property of the main shaft when 
comparing it with the Standard, EN10083-3：2006. The results show that stress concentration on 
the shaft surface close to the critical section of the shaft due to rubbing of the annular ring and 
coupled with high stress concentration caused by the change of inner diameter of the main shaft 
are the main reasons that result in fracture of the main shaft. In addition, inhomogeneity of the 
main shaft micro structure also accelerates up the fracture process of the main shaft. In addition, 
the theoretical calculation of equivalent stress at the end of the shaft was performed, which 
demonstrate that cracks can easily occur under the action of impact loads. The contribution of this 
paper is to provide a reference in fracture analysis of similar main shaft of wind turbines. 
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1. Introduction 
Wind power stations are mostly located in remote mountain areas or offshore where it is not 
convenient to access. As the units are located in high-altitude, once a failure of certain parts of the 
unit happens, they not only loss the power generating capacity caused by the long downtime, but 
also the replacement of parts and re-lifting of the entire unit which required a great deal of 
manpower and material resources. Although the operation and maintenance costs of the units for 
over 20 years of working life may account for 10% ~ 15% of the revenue of the wind power 
stations[1], an unexpected failure of the unit can be very costly. For offshore wind power stations 
the costs are much higher than that of onshore wind power stations. As the rotating and energy 
  
generation systems of a wind turbine is very complex and consisting of many components and 
parts, it is very difficult to pin point the root cause of a failure. Although a considerable amount of 
studies have been devoted to the failure detection of wind turbine, there are still many unresolved 
issues, such as complexity of the system and reliability of the sensors to be installed. Most of these 
studies, however, have focus on failure detection on aspects of turbine blades, gearboxes and 
bearings[2-5]. As the key part of wind turbine, the main shaft undertakes various loads transmitted 
by the hub and its failure could result in major catastrophe and lead to significant economic losses. 
From the wind power station we got information that the main shafts of several dozen of wind 
turbine units fractured at early stages of usage.  
This paper presents a model of wind turbine generator system (WTGS) consisting of 
double-fed wind turbine and its overall structure is shown in Fig.1. The rated output of the system 
is 850kW and the rated rotation speed is 1500rpm. The mass of main shaft is 1260Kg and the 
rated rotation speed is 24.3rpm. The main shaft is an important component of WTGS. It performs 
heavy duty operations and carries both dynamic and stochastic loads; and a frequent cause of 
failure in wind turbine system that can result in catastrophic consequences and significant 
financial losses. 
In this paper, the studied main shaft is hollow inside and is made of 34CrNiMo6[6] steel with 
heat treatment. The loads from the main shaft to the hub include torsion, transverse moment and 
axial force. There are several supporting arrangements of wind turbine shaft. The two points 
self-aligning roller bearing support is used in this model and is illustrated in Fig.2. One end of the 
main shaft is connected to the planet carrier of the gearbox through bulging joining sleeve. 
 
According to actual measurement, the fracture position occurred in the variable diameter 
section of the inner diameter of the main shaft, shown in Fig.3 and Fig.4.  
To analysis the fracture of the main shaft, this paper makes reference to European Standard 
EN10083-3:2006. The chemical composition and mechanical properties of the material of the 
shaft and metallographic inspections of the fracture surface were carried by means of electronic 
microscopes. A theoretical calculation of equivalent stress of the shaft was also performed. 
 
  
2. Investigation into the cause of main shaft fracture 
In order to analyze the cause of main shaft fracture thoroughly, three parts of study were carried 
out: (1) experimental analysis of the main shaft, (2) analysis of macroscopic feature and 
microstructure of the material of the shaft and (3) theoretical stress calculations.  
2.1 Chemical composition detection 
The quality and performance of materials used in the main shaft are determined by demand, 
which means that different demand requires different elements content. The chemical element 
analysis is to accurately determine the elements content of the main shaft material and compared it 
with the standard values, then determines whether the main shaft material is suitable. 
Examination of chemical composition of the samples taken at the point of fracture was 
carried out. Table 1 gives the chemical composition of the main shaft and the standard 
composition of 34CrNiMo6. 
As shown in Table 1, obviously, the chemical composition of the main shaft is in accordance 
with the requirements of 34CrNiMo6 steel and in accordance with EN10083-3:2006. 
2.2 Sampling and sample making  
The points on the main shaft where the samples were taken for metallographic and  
Scanning Electron Microscopy (SEM) examination and hardness test on the fracture surface are 
shown in Fig.5. Metallographic samples were obtained by wire cutting for further processing and 
fine grinding according to the ISO standard[7] (Fig.5). 
 
2.3 Mechanical properties test 
Samples for examination of tensile strength and impact strength tests were taken within the 
shaft segment at a distance of 50mm away from the fracture surface (uniform distribution). 
Samples were prepared according to the ISO standards[8-10] to determine the tensile strength and 
impact strength. The test results of mechanical properties including Rp0.2(0,2% proof stress) , 
Rm(Tensile Strength) , Z(Reduction of area) , A(Fracture elongation) and K(Notch impact energy ISO-V) 
are shown in table 2. 
 
  
2.4 Visual inspection 
2.4.1 Fracture surface analysis 
The fracture surface shown in Fig.6 can be divided into three zones: 
Zone A: The fatigue region caused by fatigue source I which occupies about 15 to 20 percent 
of the total area. The fatigue source I was caused by stress concentration of transition fillet in the 
variable diameter section of the main shaft inner diameter (Fig.4) and is characterized by the 
cowrie pattern lines, with the direction of extension from internal to external surface. 
Zone B: This fatigue region was caused by fatigue source II which initiated from the outer 
surface of the main shaft and extending from external to internal diameter. 
Wrinkle Zone: The wrinkle zone is usually caused by large load and is a characteristic of 
abrupt fracture.  
From the macroscopic analysis: The fatigue zone was formed by gradual extension of the two 
fatigue sources. As the fatigue propagation regions only occupy a small proportion of the fracture 
surface, generally the main shaft can withstand normal work load. But a sudden fracture accident 
of the shaft under the action of impact load and abrupt exterior breaking explains that the strength 
of the main shaft is on the low side. 
2.4.2 Circumferential surface observation 
The surface morphology of the main shaft, with distributing circumferential scratches and 
pits is shown in Fig.7. 
As the main shaft matched with the planet carrier of the gearbox via bulging joining sleeve 
(Fig.8), the bulging joining sleeve introduces radial force and circumferential friction on the main 
shaft. Once under the action of external impact torque, the slide between the main shaft and the 
planetary frame can lead to the production of circumferential scratch on the main shaft surface 
(Fig.7). Crushing caused by excessive surface pressure forms stress concentration, which further 
leads to the production of fatigue microscopic cracks and crack growth; and finally caused the 
fracture of the main shaft. 
The conclusion above can be further verified by the following microscopic examination of 
the fracture surface. 
2.5 Microscopic examination 
  
2.5.1 SEM observation of the fracture surface 
The microscopic observation of the fracture surface was carried out using Scanning Electron 
Microscopy (SEM) due to its high resolution and high magnifications. By the microscopic 
observation and analysis, we can accurately confirm the fracture type and the initiation of crack 
source region, its propagation and the cause of possible fracture. 
（1）The SEM sample is shown in Fig.9 with observation points numbered 1 to 8. However, 
only display of those critical observation points are shown below, numbered 1、2 and 8. 
Point 1 is located in the lateral position of the fracture surface with its Micro-morphology 
shown in Fig.10. The display is characterized with many dimples and abrasion traces which means 
disposable fracture. 
Point 2 is located in the middle of the fracture surface with its Micro-morphology shown in 
Fig.11. The display shows numerous fatigue beaches in the fatigue source region as shown in the 
right side of the picture which means a typical fatigue fracture. Besides much more fatigue 
beaches distribute in the left side of the picture, meaning that this is a typical fatigue extension 
zone. 
Point 8 is located in the central of the fracture surface with its Micro-morphology shown in 
Fig.12. The display shows a distribution dimples, which is caused by disposable fracture. 
According to the above four pictures of fracture micro-morphology, a preliminary conclusion 
can be drawn that the interaction of the large external load and the cracks in the internal surface 
are the causes of fracture of the shaft. 
2.5.2 Metallographic examination 
The metallographic examination, an important part of fracture analysis of the shaft, provides 
the necessary basis for fracture analysis. The position of metallographic sample and its finished 
sample is shown in Fig.13. The left block is the inner diameter of the main shaft, the right side is 
the external diameter. 
Metallographic structures are illustrated in Fig.14 and Fig.15 and its analysis results are 
described as follows: 
The figure shows that the tempered sorbite matrix distributes with certain banded structure 
and its microstructure is uneven.  
The inclusion examination shows that the matrix distributes with plenty of inclusions of 
  
Alumina and sulfide which are linearly distributed. 
According to the Metallographic analysis, the tempered sorbite matrix of the main shaft 
material is characterized with obvious banded structure and inhomogeneous microstructure, 
mixing with inclusions of Alumina and sulfide. 
From the visual inspection and microscopic examination, including SEM observation, 
metallographic examination and inclusion examination, the tempered sorbite matrix doped with 
sulfide and Alumina is characterized with obvious banded structure and inhomogeneous 
microstructure. 
The banded structure leads to the anisotropy of the material and the decrease of mechanical 
properties. 
As the generation of fatigue cracks has a close relationship with the existence of inclusions, 
the inclusions usually are thought to be the cradle of micro cracks. The fracture of metallic 
materials is the product of the crack occurrence and its continuous development and inclusions are 
cradle of cracks, so inclusions have a significant influence on elongation, reduction of area and 
other plasticity indexes of metallic materials. The fatigue strength of metallic materials will 
decrease greatly. The material defects of the main shaft did have negative effects on the fatigue 
life of the main shaft. 
2.6 Theoretical calculation of equivalent stress in the main shaft tail 
2.6.1 Estimation of the value of the concentration factor 
    The material of the part is one main factor for stress concentration. Stress concentration 
usually occurs at the position of the geometric change in cross section (transition fillet, hole, 
groove etc.) under loads. According to Ref[11], given the theoretical stress concentration factor τα  
(geometric change effect) and the sensitivity coefficient of the steel to stress concentration q, the 
effective concentration factor is obtained, as follows: 
1.46)1(1 =−+= ταqK                           (1-1) 
where τα =1.58, q=0.8. 
2.6.2 equivalent stress calculation 
Before clamping the bulging joining sleeve there is a gap between the planet carrier and the 
  
main shaft. The gap is closed up due to the radial deformation of planet carrier under the radial 
force caused by the tightening of the bolts of the bulging joining sleeve. In order to transmit the 
operating torque, the bolts are further tightened to produce enough friction on the matching 
surface between the planet carrier and the main shaft. As a result, the high pressure on the 
matching surface between the main shaft and the planet carrier leads to surface crushing of the 
main shaft, reducing the strength and fatigue life of the main shaft. For this reason, theoretical 
calculations and stress state analysis of the main shaft are analyzed in this paper. 
The end of the main shaft is connected to the planet carrier of the gearbox through bulging 
joining sleeve，shown in Fig.16. Given radial pressure p, when the impact torque, usually 2~3 
times the rated torque T[12], is transmitted, the joint surfaces should produce no circumferential 
slip, namely the friction resistance moment should be greater than or equal to the impact torque. It 
is assumed that the fit nominal diameter be d, the friction coefficient f and fit length l. Thus, 
2
ddlpfM f p=                                  (2-1) 
In this case, since 2fM T≥  must be guaranteed, we get 
2
4Tp
d lfp
≥                               (2-2) 
Substituting parameter values, we obtain： 
2 2
4 4 9549 150.7T Wp MPa
d lf d lf np p
≥ = =  
And all the needed parameters are declared in table 3. 
 
According to elastic mechanics the radial stress rσ  and circumferential stress θσ  
generated by p (shown in Fig.17) can be obtained: 
22
1
2 2 2
1
( 1)r
dd p
d d r
σ = −
−
                           (2-3) 
22
1
2 2 2
1
( 1)dd p
d d rθ
σ = − +
−
                         (2-4) 
then we have: 
(1) in the outer diameter 
  
22
1
2 2 2
1
( 1) 150.7ro
dd p p MPa
d d d
σ = − = − = −
−
 
22
1
2 2 2
1
( 1) 224.2o
dd p MPa
d d dθ
σ = − + = −
−
 
(2) the inner diameter: 
22
1
2 2 2
1 1
( 1) 0ri
dd p
d d d
σ = − =
−
 
22
1
2 2 2
1 1
( 1) 374.9i
dd p MPa
d d dθ
σ = − + = −
−
 
Where subscript o and i represent the outer diameter and the inner diameter of the main shaft, 
respectively. 
As the torque T is clockwise, the shear stress must be negative. The shear stresses oτ  and iτ  
caused by torque transmission are given by: 
3 4
80.6
(1 )
16
o
p
T T MPa
W d
τ
p α
= − = − = −
−
                    (2-5) 
1
4 4
5.7
2(1 )
i
p
dT T 3 MPa
I d
32
τ ρ
p α
= − = − = −
−
                 (2-6) 
the stress state of unit body of the main shaft is shown in Fig.18, the principal stresses were 
calculated as follows:  
2 2
1 ( )2 2
x x
xy
σ σ
σ τ= + +                      (2-7) 
2 0σ =                               (2-8) 
2 2
3 ( )2 2
x x
xy
σ σ
σ τ= − +                      (2-9) 
where x rσ σ= , xy θτ σ τ= + .  
 
Von Mises stress σ expressed as follows was used as the equivalent stress： 
  
( ) ( ) ( )[ ]2132322212
1 σσσσσσσ −+−+−=               (2-10) 
substituting parameter values needed, we obtain equivalent stresses 
548.6o MPaσ =  
711.2i MPaσ =  
Without axial force taken into consideration, we have io σσ <  which means that cracks may 
initially be generated in the inner side surface of the main shaft. The stress and strain under the 
action of impact load are much larger than the corresponding values under the action of static load. 
According to Ref [12], in the circumstances of an emergency stop, the maximum torque can reach 
2~3 times the rated torque. Under the action of impact load, with newly calculated oτ and iτ , we 
obtain: 
(684.3 ~ 724.3)o MPaσ =  
(771.3 )i  ~834.8 MPaσ =  
Based on the above calculation, iσ  surpass the yield strength of 34CrNiMo6 steel under the 
action of impact load, which result in the main shaft produces plastic deformation. Therefore, both 
the inner side and the outer side surfaces of the main shaft can easily produce micro cracks and the 
cracks extended gradually. The fatigue life of the main shaft decrease greatly considering the 
effect of the cracks.  
3. Improvement measures and conclusions 
3.1 Conclusions on fracture analysis 
(1) As the main shaft matched with the planet carrier of the gearbox via bulging joining 
sleeve, the bulging joining sleeve imposed radial force and circumferential friction on the main 
shaft. With a circumferential scratch on the critical section of the main shaft, the stress 
concentration can result in catastrophic damage. 
(2) Banded structure and inclusion defect in the main shaft material decrease the mechanical 
properties of the material, which make the shaft sensitive to initiation of fatigue cracks and 
accelerates the severity of the cracks. 
  
(3) The poor material structure of the main shaft leads to fracture initiation at the critical 
section. Finally fracture occurred at the variable inner diameter of the main shaft, where the 
location has minimum section area and lowest structure strength. 
(4) The stress concentration in the variable inner diameter of the main shaft caused fatigue 
cracks. According to the fracture macro analysis, the fatigue crack initiated at source 1 (Fig.6), 
further fatigue cracks extended due to excessive loading and finally caused the fracture of the 
main shaft. 
To sum up the above arguments, there are multiple fatigue sources resulted from stress 
concentrations in the main shaft surface scratch and at the variable inner diameter of the main 
shaft. The fatigue cracks further extended under the action of alternating load and impact load and 
finally led to the main shaft fracture. 
3.2 Local improvement of the structure of the main shaft 
(1) Spare parts for main shaft should be replaced by higher fatigue strength material to improve 
the fatigue strength of the main shaft. 
(2) Scratches on the surface of the main shaft should be avoided in order to reduce stress 
concentration and micro cracks initiation and extension. 
(3) The processing technology and heat treatment process for the main shaft should be strictly 
controlled so that the micro structure can be uniform. Then the main shaft can inhibit the production 
of the fatigue cracks.  
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Table 1 Chemical composition 
Element main shaft material（%） 
EN10083-3：2006 
34CrNiMo6 
C 0.33 0.30-0.38 
Si 0.31 ≤ 0.40 
Mn 0.65 0.50-0.80 
P 0.009   ≤ 0.025 
S 0.017   ≤ 0.035 
Cr 1.64 1.30-1.70 
Mo 0.22 0.15-0.30 
Ni 1.69 1.30-1.70 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 2 Mechanical properties（mean value） 
Test items Rp0.2 
(N/mm2) 
Rm 
(N/mm2) 
Z 
(%) 
A 
(%) 
K 
(KV2/J) 
room temperature -30℃ 
Measured value 725 883 65.8 18.85 57.67 30.97 
Standard value ≥700 900-1100 ≥55 ≥12 ≥45 ≥32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 3 Parameter declaration 
parameter value Parameter Nomenclature 
d  280mm Fit normal diameter 
W  850Kw Rated power of the wind turbine 
l  180mm Fit length 
1d  124mm Inner diameter of the main shaft tail in fit 
f   0.2 Friction coefficient 
  α  dd1  ratio between inter-diameter and outer-diameter 
2d  350mm The outer-diameter of the planet carrier 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.1 Schematic diagram of Wind Turbine 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.2 The supporting arrangement of main shaft and fracture position 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.3 Picture of fracture surface 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.4 Schematic diagram of fracture position of main shaft 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.5 Sampling points 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.6 Macro photograph of the fracture surface 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.7 circumferential surface morphology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.8 schematic diagram of match between Main shaft and locking assemblies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.9 Observation points of the fracture surface under SEM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.10 point 1: disposable fracture morphology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.11 point 2: typical fatigue morphology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.12 point 8: disposable fracture morphology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.13 Sampling points for metallographic examination 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.14 Sample 1 metallographic structure morphology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.15 Inclusions of sample 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.16 Interference connection of shaft end under the act of Torque 
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Fig.17 Distribution of radial stress rσ  and circumferential stress θσ  along radial direction 
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Fig.18 stress state of unite body 
 
 
